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A m tlti- w a v el ngth M ie lidaris apo w erfu lto olto inv estigate the opticalproperties ofaero solp机icles along with their
verticalprofileinform atio n･ h the u su al an alysis with the Fe rnal dTn ethod, ho w e v er, itis requiredto assu m eboththe
e x血ctio n-to-ba ckscatteriDg ratio (lidar ratio, Sl) and the e xtin ction coefrlCie nts at the far end bo u ndary. For a
muユti- w a vele ngth lidar, appr opriate choic es ofthesepar am eters areindispens able to deriv e co nsiste nt profiles舟o mthe
actual data･ In this w ork, w epr opo setw o algorithm sfarthe an alysis of fotlr- W a v el ngth lidar data. T hefirstapproa ch is a
pragm atic o ne, a nd itrelies o nthe s unphoto m eterdata sim ultan e o usly m eas ured withthelidardaLta･ Byass u m inga c o nStarLt
sIValtle6or each w av el ngth in thelo w ert oposphere, a c o n sistentsetof SLis determin ed byfittingthe obs er vedprorlesto
referehCePrOfLlesthat are rele v ant to the aer os l optic althickn esses舟o mthe su nphoto m eter m easure m e nt. T he se co nd
algorithm is m ore co mprehen siv einthatit adoptsthe directfitting ofthelidarA･s c DPeStO thethe oretic alcuryesthat are
based on alo ok-uptable:the table is pro
- c alculated for v ario us c o mbin atio ns ofthe extinctio n c o efrlCie nt, Sl para m eter,
c omplex re触 ctiv einde x, a nd aeros olsizedistributio n･ As a res叫 the verticalprofiles ofthesepar a m eters aredetermin ed
alongwiththe extinctionprofile.
1, N T R O DtJCTIO N
Mie-s e a:ttering■1idar5pr ovi de extin ctionprofiles of atm ospheric aero sols･ Forthe in v ersio n ofthelidardata to give the
aerosolextinctio n･ Fer nal d
l) m ethods are c o mm o nlyemployed･ h this m ethod,itis ne cessarytopostulat印 1idar ratio, als o
kno w n asthe Sl para m eter･ Fo rparticle sizedistributions and‾re舟a ctiveirldices oftr opo spheric aer os ol, M ie calculatio ns
show thatthe v alu es ofthe SIParam eter C a n V aryin a ra nge of 10to 100sE･ T hiswide rangeimplies u nc ertainty ofm ore
than afactor of 10 in the retriev ed optical 也ickn ess, obviously to olarge to pr ovide r eliable in fo m atio n o n aero sol
e xtinction pr o日1es for m any pr acticalpurpo5 eS･ Kn owledge ofthelidar r atiois ess entia一forthe interpretation of thelidar
data･ Sinc eitis by n o m e an spossible to dete rmine thelidar r atio o nly丘
･o mthe elasticba cksc atteringlidar zn e asure m e nts,
practic al calibr atio n m ethods hav eto be co ntriv ed･ In regard to this, tw o c o TrlPl¢m e ntary, alte m atiy e appro aches 打e
avai1able･ First
,
the opticalthickn essdaLta 丘o m a stlnphoto m ¢ter ca mbe us edto c alibrate thelidardaita. Se-c o ld, the Mie
theorycanbe e mployedto c alculate the aeros olopticalpropertiesbeforeha nd.
In the first appr o ach, a su nphotorn et ris usedto observ ethe aeros olopticalthickn ess siJn ultarle Ou Sly withthe lidar
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Sofar, a n u mberofattemptshav ebee n m adeto c o mbinelidar m e as ure m e nt5 and M ie calc ulatiorlS. Sasa710 a nd Bo w ell
4)
sho wedthe capability ofa multi- w a v el ngth lidarfordis crimin atingbetw ee n s eTeral aeros oltypes using the w av elengthdependen ce ofaeros ol ba ckscaLtter C O efBcie nts. Qing et aL.5) sim ulated n um erlCa 1y the derivation of the A S D 丘o m
m ulti- w a v el ngth lidar ata, and disc us sedthe err orsin the derived sizedistribution . Rajecv and Par a m es w arar1
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provi desinfor m atio n o ntropo spheric a er os ol at w av el ngths of 355, 32, 756a nd1064Iu n･ T he syste mis designedto
m onitorthe a er osol inthe low ertr oposphere, the co ntributio n丘
･o rn which is essemial for the atm ospheric c orrectionof
satellite re m ote se nsingdata･ h the presentw ork, w epropos etw o m ethods forthe an alysis ofm ulti-w a v el ngth lidardata
e mployingthe A DC Lc asefor o Ⅶ
･
sim ulatio n and de monstratio n･ Nev ertheless,itis e mphasizedthat ot -ppr oach co uld in
prm慧bBer:tPPalig
e
.
d
j昆訪ou%?irzeT監:wsaLele,
n
h
s
.T.:deatrersydSiebm S,.im ultm e . usl, m e 朋 ∬ed wi th 血e li血 dda Sinc e a s un
photom eterpr o vides m ultトw a v el ngth optic althicknessdぬ , its us e as a clibrationto ol in the m ulti- w a v el ngthlidar
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m e as ure m e nts might･seep straightfor w ard at-Brstglan c e･ Pr a ctically spe aking;ho
w 8 V er
･
this ･is n ot alw aysthe c ase･ Even
when a s u任icierltr ange lS C OV ered for a w a v ele ngth n earthe c erlter Of the visible spectru m(e･g･ at53 2n m), the sitnation
bec o m es w ors eforlo nger w av ele ngthsbec atlS e Ofthe degr adatio n ofthedete ctor se nsiti vity･ For shorter w av ele ngth･ onthe
otherhand,larger e xtinctio ndtletOthe-m olec ular s c atteringla nd abs orptio n･tendto hinder sufBcie ntr ange co v erage. For
thes e w a v elengthsit m a;yhappe nthat th” a噛 oflidardatais to oli mitedto inferthe optical th ickn ess which istobe
c o mpar ed withthe su nphoto m eterdata･ To_
al le viate su ch diirlCulti早S aSS OCiated withthe w a vele ngth, here we pr opose a
"
r efbren c eprofle
''
m ethod, which is based o nthe sim ultan e o us m eas ure m e nt uslng a m ulti
- w a v el ngth lidar a nd a sun
photo m eter･ In the analysis, we postulate thtfor ea ch w avele ngth,the value ofthe St para m eter
is c onstantin the entire
troposphere. The para m eter at 532 n mis determin ed by c o mparhgthe data 丘
.
om the tw oinstrum e nts(the n- m atching
m ethod,_a
B m e ntio ned abo ve). To obtain the refere n ceprofile, w e a ssu me that at each altitude, the aeros ol e xtinction
co efncier(ts forthe other w a vele ngths(3‾55, 75 6, a nd 1064nm) arepr oportio n alto the c o effic e nt
'
at 532n m. The
pr oportion al fa ctors aregiv enbythe ratio betw ee nthe optic althickn ess at ea ch w av el rlgth andthatat53 2ru n･ Onthe other
harLd
,
thelidar signalsforthe three w av e一e ngths ar e s eparately a nalyzed withthe Fe m aldm ethod by changingSlib a
plau sible ra nge /Byminimiz.ngthe differerlC ebetw e enth is reh
･ie yedprofile and the referen ce■pr ofLle･itbec o m esposibleto
detehninetheSIPararneter.
The s ec o nd algorithm
lO)utilizes alook- uptable(L UT)to derive vertic al distributio ns ofaeros ol ptic alpara m etersin
thetroposphere. The LU T is calc uhted bythe Miethe ory for ll typesbfaero s olsizedistribution s a nd 3000v alu es ofthe
im aginary par( ofthe c o mplex re触 ctiveinde x･ The an alysis ofm ulti
- w a v el ngth lidar sign alsis acc o mplished bydirectly
fitting thelidarA-s c opesto thethe oretic alcllrV eSthatarebas edo nthelo ok
- uptableこAte ach altitude･ n ot o nlythe aerosol
e xtinctio n co efBcie ntbutals othe SIPara m eter,theim agln ary part Ofthe coTnPle x r e丑
･a ctiv einde x
,
andthe A S Darederived
Bom th ispro c ednre. T hesein clude m ost oftheirrlPOrtantinform ation o nthe 在er OSOloptic alproperties･ Inthis respect,this
algorithm exhibits quite atmiqu efeature am ongthe an alysis m ethods of m ulti
- w av ele ngth lidardata･ T he res ulting optical
para meters, ho w ev er, a r edependent onthe para m etersthat ar e usedto pr o
-c alculate the L U T･ T hisinfers thatin orderto
attainreas on able r es ults, itis indispe nsable to pr epare aL U Twhich is represe ntativ e of the a crualaeros olproperties･ For
this pl叩 OSe C O n V entio al appr o aches su ch asthe
-referenc eprofile m ethod are us efu l forthe first-Step a nalysIS Of
Ⅱmlti･ w a v el ngth1idardata･
2. TIIE OR Y
2.1. Fer 甘ald An alys15
Here w ebrieEySUI - arizethe an alysis oflidar slgn als utiliz mgth声 Fe m aldm ethod･
1)This algorithm is mai nlyrequired fわr
theimple m entatio n of the r eBeren c epr ofile m ethod(Se c･ 2･2)･ The single sc atteringlidar equatio nis giv e nby
p(z'- K苧抄1.(z'＋P2'z']×e XP[-?I:al(z･ q - 2f:α2(z･ W]･ (1)
whereKis asyst
-e m c o nstant
,
G(z)thegeo m etricfor m-fa ctor, I-the rangeB
･
o mthelidarto 也e target,a nd6j and aj(j
=1,2)
arethe backsc attering and e xtin ction co efrlCie nts, re spectiv ely: stlbs cripts I and 2referto the aer osol particles and
m ole cules･
_
respectively･ Wβ ass um e alinear relationbetw ee nJ7ja ndα/:
aj
= S
,Pj, (2)
wher¢S]is th占e xtin ction -to-ba cksc Etteringr atio. The m olec ular c oefrlCie nts(62 and α 2)c anbe obtained 触･m sta n血d
atm ospheric data･ WedeBn ethe ra nge-Co rrectedsiBnalas x(z)≡P(I)I
2
I The aeros ole xtinctio n co efrlCie ntc anbederived
a5
a l'z' = - #a"z'' #
'”
wherethe htegrds]'4 W {z'ar edeh edaら
I;I,- 2L･･[3# 1 1]&2'zrわz;, (4,
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and
J(I)- 2上
2'
s
l(z ')x(z')¢xp[](z')k2 ' ･ (5)
Jn these equatio ns, zf r efersto the far
-end bou ndary altitlde at which a v alueis ass urned for the aerosole xtinction
a
.(I,)I
21. Refe ren c epr ofile m ethod
T he Sl para m eter at532n mis determirled by adjustingitillthe Fcrn alda nalysis ofthelidar data at532n m sothatthe
res ultant opticalthickn essaBr e Swith that舟o mthe sim ultaLle O-ユSly m e as ureds u nphoto m eterdata. The aeros olextirICtio n
pro伽 α.
Phs)(153ユ,I) C an als obedetermined 王n this rnan n er･
The re6ere nceprofue6ore achw a vel ngth a.
(Ob5)(15】,,I)(j
= 35
,
756
,
atld1064)is defin edasfわllo w s:
αl
(Rcf'
(JaJ, I)- C,α.
Cobs)
(15,2, Z), (6)
wherec
J
- T(A,)/T(4,,2) With T(4,,2)and T(A,) repres entigthe opticalthickness at ち,la nd at Aj aSderiv ed 缶o mthe･
su nphoto m eter data ･ On the otherhand, the Fe m alda nalysIS Of the data ?t スノ y
ields a n``observ edM pr o31 e of
α
1
(Oh)
(sl,AJ,ご)･ Whe n aI
(0 ぬ)
(sl･1J･Z) is retriev ed &o mthe lidar sign al, w e 8 rnPloythe v alu e of αl
(Rd )
(スJ,I) atth¢
far-e nd bo undary･ T he nthedi 飴rc nc ebetw ee nα[
(Obs)
(s[･Aj･Z) a nd al
(Rep)
(A),I) is consideredusinga 触ICtion
Dj(S.)-(Lfm[aI{0”(s.IlJ･Z,)- a,LR-(A,,I,)f
I/
袖差α･(- ,(1j,I,)]
-I
(7)
vlhere m and ” den ote the initial(the lo w est altitude) a nd the fh al(the highest altitude)data n u mber ofthe Tlttin島
r 鮎peCtively, with N indic ating ”-- m ＋ 1. For each w a vel ngth, the v alue of Slis deter minedbythe co ndito nthat o n e
obtains amitlin u m v alu e of句(Sl)in apla usible range of Sl1
2.3. L U Tm ethod
23.1. Constructio nofIJUT
A lo ok uptable(L U T)is c o nsdu cted by m e ans ofthe M ie-s c atterin各the ory. Table 1 su m m ari2X)Sthe param eters u sedto
c8lc ulate the prese nt L U T. Forthe A s °”(r), w etake the urban and m aritim e rn odel
ll) astw o e xtre m e c ases
,
a nd nine
hter m ediale cases aredeflrled bylogarith mical1yiⅡterpolatingbetw ee nthetw o, Therealpartofthe a er osolrefractiv eiTlde x
(zn
'
)isfixedal1･50, r epres enting an a verage v alu e usu ally obtain ed丘o mthe gro u nds a mpling. T heim agin ary part(m
”
), o n
the otherband
,
is allo w edto varybetw ee nO･0 andO･03, with a step of l･0× 10
1 5
･ This s mallstep sizeis n e cessaryto deal
with the rapidcha ngesin the w av elength depende nc e ofthe optic alpara m etersderiv ed &o m the L U Tan alysisI For
simplicity, w e n eglectthe w av ele ngth depe nden ce ofthe re&a ctiveinde x.
Using the M ie-s c atteringthe oが), w e c alc ulate the e xtinctio n co eFICient α 1 a nd the Slpar a m eterfor e ach ”(y), m ”,
a ndw a vel ngths ノZ(355, 532, 756, 1064n m). A table c o nsists ofa setof α 1 a nd SIPararneterSforthe fo ur w a vel rlgths
calc ulated wi the s a m e sizedistributio n a nd the re&activeindex. The valu es of α Iare nOrm ali2.edto the vahlefor532n m.
hlthe following, w ede n ote the(n o rm alized)e xtinction c oeffic e nt a nd SI Param eter Ofthetable data ase.(九(I
-
), mU ),
s(”))mdSl(九(i), mU ), s(”)), respe ctively. Here a(t
'
)indic atesthe w a vele ngth(i …1 for355, L
'
=2 for532 n m, r
-
=3for
756n m
, a ndi =4 for1064n m), 7nU )the re舟activ einde xU = 0, 1, , . . ,3000), s(a)the size distribution model(” = 0 forthe
nrbaJl” . ” = 10 forthe m aritim e).
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Table1. Pa ram eters u s edto c alc ulate L U T.
I Siz edistrjbtI( bd
urban a en) sotm od d
lカ
Mari 血貯 8 erO S OJm odel
11)
N
D
1 9.93XI O4 0.00651 O.245
2 1.llxl O) 0.007 14().666
3 3.64)り 04 0.0248 0.337
1 1.33×1 02 O.0039 0.657
2 6. 6×1 0L 0.0133 0.21
3 3,06× 10D 0.2 9 0.396
諾丁 -妄念 叩[- 些 詳]
Div由io n oFea chm od dinto10klgaridlmic ally(u= 0(o 10).
s(0):Urban nl Odcl, - , S(”), - , s(10):MaEith e m odel
I Co r nple x refm ctiv eh de x
Re alpart:1.50
hn aghary part:OLOOOOOto O･03000(stepOLOOOOl)
I W &vele ngtb
355, 32, 756and lO64n n
ユ.3.2. L tJ TD etlOd
The altitude zis c onsidered in adiscret w ayofz(q)(q - I,2, … ,Q )with zl= Z(1)beingthelo w estaltiudeinthe an alysis.
In orderto avoidthe eire ctof thelidar ov erlappingfurlCtio n, w e a ss u m ethatI Iistake n at an altitude whereG(I)beco m es
tmity,･More ov er, w e as s u m ethatfTor e very w av el ngth, α 1(Zl)
≡ α 1(Z2)a nd Sl(21)I Sl(Z2):foral1the altitudesbelow zユ,
o･1 and Sl arePO申1 ぬ d to be c ord ant･ Underthes e ass umptio ns, the aeros ol opticalpara m eters ared ter mined as
describedbelo w. In thefollowing,the extinctio n co efEcie nt, Slpara m eter, r e怠
.
a ctiv einde x, si2:edistributio n, andthe sign al
po w er are w ritte n as (yl
*(I(q), 1(i)),S]*(I(q), 九(i)), n*(I(q), 1(i)), Pcd *(I(q),九O
.
))), r espe ctiv ely･
2.3.2.1. Dete rmin atio n ofthei11itia[pa ra m ete rs
First we determille theinitialvaltleSOf α 1
*(Zl, 1(I
-
))≡ α 1*(Z 2, 1(L
'
))and Sl＋(Zl, 見(L
'
))= Sl*(Z 2, 九(L
'
)). Sin cethe
extin ction coefBcie ntin the L U でis n?rm aliヱ¢dto di e V alu e?f 532n m, w e apply a･factorC(i)to c o n v ert the v alu eto the
actu alextinctio n c oefficient. Here
,
C(i)is y aried betw e en5.0×10
- `
to 1.0×10ー
3
(in units of mJ
1
)witha step of 5.0×
10
- &
(t
'
. e. I = 0 - 2 00). Thus, the aeros ol extin ctio nisgiv e nby C(t)I el(A,(i), mU ), s(”)). Co mb iningth is e xtinction
co efBcient withtheSIPara m eter, Sl( み(i), mU),s(”)), the signal intensityatthe altitudesI l andI2a r e C alc ulatedas
p
dL(2(q,,A
.
(I - ,･s(”,･?(i,
-
1孟[ # ･皇 撃 沖f'q･c(i,･ el(1(I.,”(j,,s(”,QI2f'q･q(!k･L去`'
We de血Ie a n err or
,
Er , a sthe 畠u m m atio n o v erdiefol∬ W av ele ngths ofthe differe n ceb tw e e nthe calctllated ratio of the
sign alintensityand the observedraLtio of the sign al hten sib,.
EF ･域畿 既き詑き譜-畿欝讃]
2
(9)
Note that the syste m c o nstantK ineq,(1)is elitninaLtedo wingtothefわr m ofeq.(9). The valu e of Er ris c alculatedforal
the possible c o mb inatio ns ofj= 0 - 300, ” = 0 - 10, andt 二 0 - 200. Wedet¢r min eth¢param eters at I1 a ndz2 &om the
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.A(I))- 0(T)I el(A(L
'
), D 2(I), a(U))
九()
I
)≡ Sl(九(I
-
), a(I), s(U))
(10)
し = Pc al･(z(1,2), 1(]
'
)
･
R 2(J),s(U),C(T))
2.3.2.2. St) c c e ssiv edete r min atio n of thepa r a m ete rs
Seco nd, w e applythe m ethod in asu cc essive w aytodete rmirlethe aeros olpara m eters at altiudes I(q)(q ≧3). The sign al
pow er atI(q)is calc ulatedas
pd .(I(q,･A(i,, m(j,Is(”,IC(I,)-封三等讃慧認許.空 #]
ヰii
"q-l'
α
･
8
(I.,”j,叫:
`q-J'
a2(z･B･)- 2(JE
L
(
'
,
q
:L,C(E,:e･(1(i,-(j,,s(”,kk
･
･I.
I
:.,a 紳)La,
(ll)
S incethe extin ctio nチⅠ
* is alre adykn o wnbelow the altitude off(q -1),itis o nlyrequir edto dete rmin ethe.p
ara m eters at
I(q).Inthis c ase, w e I ntrodu ce an errorfunctio ndefineda5
E- -紺 地 粁 一 朝
ユ
嘩喜
(12)
Na m ely, the squared differe n ceb tw ee nthe ratio ofthe calc ulated signaliTlte nSities andthe ratio ofthe obs er ved sign al
intensitiesis s u m m ed o v erthe altiudesbelo w I(q -1)and o v erthe w av elengths･ T he re ason w e
.
employthe altitude belo w
I(q ･2)istohold do w nthe n oise effe cts･ The minilTlu m Of Erris sotlghtby changingtheindicesJ, ”, a ndi, asinthe c ase of
eq･(8)(the v alu es of indices ared ter min edto beJ, U, a nd T, r e spectiv ely). In th]
'
s man n er, the a
l
e ro s olpara m eters at the
altihldeI(q)arc obtaitlCdtobe
rsal三言z%q,ヲ･11&'?&%T(')･･,?li^(iz;!,i-56,', 或F''
(13)
し
= pc&11(a(q)･1G
'
),RZ(I)･s(U)IC(T))
Byuse ofthepara m ¢tersin eqs･(10)a nd(13)aJldthe sizedistributio nfunction ns(r)forthe m odel distributio n s'(I(q)),
the sizedistribtltio n ata n altitude I(q)c anbe deriv edas
n
.
(r, z(q), - n s(r,諺慧恕 (14)
T htlS, al1 the aer osolpar am etersha v ebee ndeter mined at I(q), A similar pr ocedureis applied at a n e xt altitude off
(q＋1)･ Thepar a nctersare obtained inthis m an ner ate chaltitude upto I(Q).
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3. R E SIJL TSA ND DIS C tTS SIO N.
3.I. R efe re n c e m ethod
3.1･11 Sim tlbtio D Ofthe refere nceprofile tn et hod
Tn th is s ectio n
,
w edes cri be the res ult of a sim ulation in which the innu enc e of左tm o spheric as w ellas operational
para m etersis e x amin ed forthe referenc epro丘1e m ethod. As for the vertic al distributiorl Ofaer o s ole xtin ctio n, w e u s e m odel
pr ofLle at355and 532nm . The rn odelextin ctio n
.
coeffic e ntis assu m edto be c o nstantin‾the mixed bo u ndarylayer(M B L)
upto 1500m . In the 丘e etroposphere, the extin ctlO n C O eqicieTltispostulatedto decrease e xpon entiallywiththe altitude. For
532run
･ the extinctio n v ahleinthislayeris changed infive w ays: a)
(M dELl
(^ 5.12,M 8 L)
- Ilo× 10
･4
･2 ･5×10
･4
,
5･0×10
･4
,7･5
×104
,
a nd1.0×10
-3
m
'1
.(Here afterthese are n a m ed as m odels1-5,)
By usingthes e m odelprofiles(a ndthe w a y elength dependeTIC e Of α. aTld Sl paJ u et rS, a S e xplain ed belo w),1idar
signals are sim ulated and a n aly2=ed withthe Fe rn aldJn ethodto obtain al
'Ohs)
(1j,I)･ A t the s arrletim e･ the total optical
thickn essisderivedfor e ach w avelength,yieldingtheproportio nalc onstant Cjineq･(6)I
T he w a v ele ngh dependen ce of the extinctio na nd the v alue of SI Para m eter are Calculated by m e a ns of the M ie
s cattering the ory, Ⅰ71 MBL, a n a e r o s olre丘activ einde x of l･5 - O105iis assllm ed for allthe w av ele ngths with the size
distributio n ofurbanty pe
u)
･In the &e etroposphere, o nthe otherhand, w e a s s u m ethatthe re鮎 ctiveinde xis l･5
- 0.Oli
and the sizedistri butio nis of backgro undtype
ll)
. T he vertic al distributio n of Slis co m m o nto allthe m odels. Althoughw e
ass um e a c o nstantSl para m eterforthe entire ra nge of analysISin the refer en ceprofile m ethod, w e r etain its altiude
depellden cein the calc ulatio n ofthese Tn Odelpr ofiles･ Belo w, w ederivetheSlpara m eterin the M B L.
育
E勺
Ⅰ50
loo
50
- Model5
- -- - Mod d 4
I - - -1A4odd 3
･･ ･ ･■ ト
･･-･h4odβu
- づモー - M o一d 1
h4 m m al 血血【叫
FigtLr e1, EffTe ctof the fittinginte rvalo nthe r etriev alof the Slpa m eter･ W itha fix ed initialaltitude of 50 0m , the v a riatio n ofthe
re sulting SIParam eteris exam hed fわr3 55n m by changir)gthe m8XiJTltm laltitlde. For m odels2･5, re as on able v alu e s ar e obtain ed for
ITla Xim u mal titude s abo v e2 00 0r n.
In the 一曲 ren c eprofile m ethod･ the differen ce betw ee na]
(ob り
(sい Ij･Z)a nd al
(
.
Rd )(l
j
, I)= CJαl
(Ob,)(l5】ユ,I) 1S CO nSidered
血 ag DJSl)in eq. (7)･ Ifthe interval betw e e nthe lo w est altitude and the m竺xim um altitude is to o s m all, localh ho m ogeneityin α1O` b'mightle ad to an err?r of Sl1 0n the c o ntrary･ ifthe m axl m u m altitude is too high, the noise
included ina
.
【Ob冨'
(dtletO the degraded･sign al-to エn Ois e r atio) m ay obs c ur ethe minim um of D,.(Sl)･ Therefore, here 耶
ex amin ehow thetitting of Slis in flue nc ed bythe 丘tting interv al. In the v ertic al m e as urc m e nt with the A D C L, thelow est
altitude(deter min edbythe■o verlap of thelaser be anlwi th the eles c ope 6eldof vie w)is appr o xim ately40 m wi tha
teles cope fleld･ of- vie w a ngle of3 t=und･ Thus, flXin･gthe･inilialaltitude at50 0m , w ehav e studiedthe v ariatio n ofthe
restllingSIPararn eterfor355n mby changingthe m a xim u maltitude･ The res ultis s urnm arizedin Fig. 1forthe e xtinction
profiles(m odels 1-5) m e,Itio n ed abo v e･ As s ee n丘o m this figtq e, the behaviorforthe c ase of m odel 2-5 is m ore orless
simi lar, tho ughitis obviously differentfor m odelI, which hasthe s malle stv alu e of the extin ctio ninthe M B L. Sin cei□ this
lattercase the co ntributio n abo vethe M B L be co m es m ore signific ant, the res ultant v alu e of S) e xhibits noticeable
- B8-
dependen ce onthe m a xim u m･altittlde･ Al tho ughthe v alu esatura:tes abo ve a:ppro xim ately3 500rn, 也tsli mitng valtle･has tlO
relation withthe MB Lv alueinthe o ngl nalass u mptio n. For m odels2
-5
,
o nthe c o ntrary, thederiv ed v alu es arefo undtobe
within ±15% ofthe origin allyass u m ed valueinthe MBL(Sl ≡ 74.8sr)aslong asthe m a ximtl m altittldeisplacedabov e
2000m .
3.1.2. Ap plicatio n oftbe refe re n ceprofile m ett10dto AD C L data
Herethe referen ce profile m ethod is appliedtothe早Ctu a11idardata m e as uredwiththe A D C L･
To obtain a
l
' 恥
(i),I) u Sing
the Fern ald m ethod, w e a s s u m e c o n stant,
v alu es ofe xtiJICtio n c oe触ie ntsforthe altittlde
range-1ow erthan the fu 11o v erlap altiude of the A D C L･ Figtlre2depicts the res ultsfor signals observ edo nOctober9,1998･
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Figu r e2･ Analysis ofan A D C Ldata obse rv ed o nOctober9･1 9 9&･(a)Behavior ofthe n o 皿 al
.
iz ed difference D ](S.)a sa func tion
of S
l(Aj
-
-35 5･75 6, a nd 1 06 4n m)･ Fr o mthe minim u mpositio ns ofthe cu r ves･best-fltV alues of Sl aredeter mined･(b)Cornpariso 皿
betw e nthe r e6ere nc eprofile a l
(Ref )(A,55 ,a) withthebest
-fitc u rv e of cy.
(Obs)(A,,5,I) that minimizes D ユ5,(S.)A
Figtu e2(a)sho w sthe beha vior of D,(Sl) aS afun ctio n of Sl(1j
-355
･
756
,
a nd 1064rLm)･ The v alue of Dj(Sl)is
norm alized sothatits minim u m v alu ebec o m es u nity. T heinitiala nd fin alattitudes of the fittingare set to be100 0m a nd
200m, r e spe ctiv ely･ tn Fig･ 2(b) w eplot al
( 帆(A】5,, 2)alo ng with the best
-fitprofile of a.
'Obs'
(i,,,, I) that minirnizes
D
,s5(Sl)･ For532n m, 伽 valu e of theSlpara m eter is 43 sr, a sderived &o m the I
- m atching m ethod･ Forthe other
w a vel ngths,thebest･fit v alu es丑
･
o t71this a n alysis are34 sr(355n m), 36sr(756n m), and 44sr(1064run)･ lTlthe case of
Fig･ 2, the optical th ickness at15】2betw een
the altitude of 0m a nd2000m a m o u ntsto 84 %ofthetotalopticalthickness･
Thus
,in acc ordan c ewi dlthe res ultin Se c･ 31 ･1, the lrrOrinthe estim atio n of α】
(R d)is s m al･ To checkthe SI V alues
derived &o m the refererlCepr O丘Ie m ethod, w ede rive Sl by u slngthe separ ate applic atio n ofthe で
I m atChing m ethodto
-89-
each w av el ngth. T heSlpar m et rS are Obtain edtobe 31sr(3 55n m), 29sr(756n m), and 37 sr(1064n m),in re ason able
agre e m ent wi the v?lu es&om theprese4t allalysis.
3.2. LtrT tn etbod
3.2.1. Sim uhtio n ofthcI.tTT m ethod
S incethe L UT m ethod basic ally r elies o nthe w av elength depe ndenc eofthe sign al inteE15ity, it m ayhappez7that a n oise
stlperPOSed or[to the signalataparticular w a v elength出 a partic ular r ange a飽 cts the entire resulthigherthan that altitude.
h orderto evaltlate Stl Ch a n oise effect, here w e co nducta se nsiti vity-a n alysis sim uhtion ass u ming athreefold layer. First
w eprepare也e v ertical distr btltio ns ofthe extin ctio n c oefBcie nt5 and the SIPar a m eterS･ Forthe gro u nd layer&om oto
lOO Om , w e as s u m ethe sizedistributio n of the t汀ba n aeros olm odel(s = 0)witha r elativ elylarge value oftheim agin arypart
of the re鮎 ctiv ein dex ofm ''= 0.02. Fo rthe zTlidle(1 0 0 0- 2 00m)a nd up per(2 0 0 0- 300 0m)layers, w e a s sum es = 5 with
m
川
- 0.01
,
a nds - 10 with m' '- 0･0, r espectively･ A n oise of 6･5% inm agnitudeis appliedto adaLtapointa:t160 0m ofthe35
n nslprofile, a nd its eqectis ex amined in thcpr ofiles ofe xtin ctio n c o efBcie7ItS and Sl par am eters, aS r etrie ved bytheL UT
m edl Od. T his situatiorlis eqtliyalerlt tOthe ad dito nof mis einthe sign alinten sity, sinc e with the changein theSlthe value
ofthe aeros ol backsca-tteringis als o cha nged. By ass u mirlg th&t the o verlapping fun ctio nG(I)takes a valu e of1, w e
c alcllhte thelidar Sign alsforthe fotF Wa vele ngthsby us e ofeq･(1)･
The L U Tm ethod is appliedtothepreparedsign alsI The resultshow sthatforboth a ] a nd Sl, the erors atthelocation
of 1600m arelessthan10 % in the retrie vedpro8les･ For altitudeshigherthan the n oiselo catio n,thc m ors甲e fo u ndtobe
lesstllan1.2% . Therefore, the LU Tm ethod is relativ ely Inse nsitiv eto the n oiseif itinnu e n cesthelidar slgn alonly ata
lo cation at a partictllar w a vele ng【h･ A similar sim ulatiorlis c arried o utfor a c aseinwhich a 6･5 %n oiseis added atan
altitudetotw o w avelengths. n e res ultiTlgerrorshthe Slpa m n et rS athigbcr altitudesturn otlt tObelessthar16 %.
3.2.2. Applic atioJ)Ofthe LtJT m ethodto A D C L data
The L UT m ethod is appliedtothe a ctu al lidardata obtain ed withthe ADC LatC hiba University. The data w eretake n o n
May2l,1 999(J ST15:55)wi tha v erticalres olutio n of15rn. The results ar edepicted in Fig･ 3･
Figure3(a)sho w sthe verticalprofiles of the a er os ole xtin ctio n_forthe four w av ele ngths･ Itis s ee nthat the mix ed layer
heightis about23 0 m ･ The altitude depezlde nc e ofthe Sl par a m eteris sho w nin Fig･ 3(b)･ Forallthe w av ele ngths, theSI
v alu es are rehtiv elylarge near the grotJLd ley el: the valleSdecre as eto w ardhigheraltitudes, bec ominglarger againinthe
缶eetroposphere. Itis also se enthat the diffTere n ces of Sla m ong W a vel ngthste ndto de creas e asthe altittldebec o m eshigher.
The SIPari m eterfor53 2n m v ariesh a range of 20～ 80sr, withan ad dit o n al layer-like stru cture ar o und15 00m . Forthis
w av el ngth, previo us w orks hav ederived SI Valu es of 60
- 70sr
12)for c oI血 e ntal aer os ols using a 1go
o
backscattering
TLePhelo m eter, 2 0
- 70sr2) 鮎 n the grou nd obs e m :tion tuing a su nphoto m eter, a nd 75±20sr
13) &om the vertical
distri btltio n of the SI Para m eterdeter mined using a Ra m a nlidar. The pres ent res ult of 20- 80sris c o nsideredtobe
reas on able as c o mpared wi th thes eprevio血Iyreported v alu es.
Figttre･ 4 sho w sthe c u
.
yes of the A S D forfiv e altitudesbetw ee n1000m and 3 000m . W ithin the miⅩed layer,itjs
apparent that the fin e(ac cu m uhtion m ode)pardcles aredo ninant･ and the shpe and m agnitude ofthe c
,
u r v e s e xhibits
little changes･ h the Be etr oposphere, o nthe otherha nd,the rehtiveimportan c e of the c o ars e m ode particles Incre as es, with
n otabledecreas ein particlecon ce ntratio n s
ln theprese nt m ethod
l
using a L U T, 也e an alysis starts at the n e ar- e nd bou ndary･ T his s inc otlraSt Withthe c ase of the
Fern aldm ethod,in which a 包r- e nd boundary vahleis assu m ed for the extinctio n e o eific ent1 O bviou sly, theprese ntzn ethod
hasthe adv antagethat the signalatthe n?那
-e nd bo u ndaryis lesslikely to be inf hen ced bythe detectio n n ois e, a ndas a
restll
,
stable c on verg n ce ofthe solutio n lS e xpected. In Fig. 5, w e sho w the v ertical distri butio nofthe aer osole xtinct;on
c oe缶cientobtained by applyingthe Fe rnal dm ethodto the s a m e slgn as us edinFig. 3. In th is c ase,thein v ersio nis carried
o utusingtheSIPara m etersderiv ed 合o 皿the M ie-s c atteringcalcuhtio n witha re血 ctiv ein dex of I.50-0.01i, a v alu eusually
ass um ed forthe u rban aer os ol m odel･ll)Fro mFig･ 5,itis s ee nthat the v ariatio n_
ofthe extin ction co effic e ntis s m o other
thm the c as e of Fig･ 3(a), exhibitingn e arly c on sta nt Valu esbelo w - 15 00m . W her easin Fig. 3(a)a hyer-like featureis
re cogmizable-aro undp150 0m, n o stlCh fe atureisfo u nd inFig･ 5 ex c ept o n e aro und 3000m . T he extinctio n co efficents
exhibitbroadpe aks aro und 2000m inFig･ 5: theloc ation a ndheightof thepe aks,ho w ever, ar eVariablein ac corda ncewi th
the choice of thefar- e nd botlndary valu es and Slpara m eters.
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4. C O NCLtJSI O N S
We hav edescribedtheprln Ciple, sihltllatio n, a ndpr acticalapplic ation of the referen cepr ofile m ethod and L U Tm ethodto
deter minethe aeros oloptic alpr opertiesfroTn n ulti
- w a v el ngth lidar observ atio ns･
Inthe refere nc eprofile rn eth6d, w e cho os e532n171data as arderence, c o nsideringthe w a vele ngth depe nde n ce ofthe
lidar obser vation r ange. Au xiliarydata obtained/by a s u nphotorheter c anbe applied
at this w av ele ngthto c alibratethelidar
data. Subsequ e ntly, the Slpara m etersfor other w a vele ngths ar edeterTnined o nthe basis ofrefere n ceprofiles obtain edby
s calingthe 532n mprofile withapproprlale proportio n al fhctors･ ThefTactors are determin ed fr o mthe sLlnphoto meterdata
for other w av ele ngths･ The applic ation ofthis algorithrnto the actuallidardata obtained withthe ADCL gives result
c o mpar able to thos e obtairled 丘
･
o mthe s eparate dete rmin atio n of the Sl pa m Tleterby uslngthe s u nphoto m eter optical
thicknes ateach w a velength. The adv antage ofthe refere n c eproBle method consistsinthe fact that apart&o mthe532 nm
data
,
itis n otrequiredto hav e
`胤Ilra nge
''1idardata atother w a v e]e ngthsI T his alle viatestheburde n o nthelidarhardware,
allo w lngtheli mitedr ange ofobserv atio nfor s o m e w a velengths, du epresu mably to sm all las erpo werorlimited detector
efBcien cy･ The aeros ol proper(ie5thusderived 丘o m the referen ceprofile m ethod pro vide co n v eni t basesforthe
c o nstru ction ofthetable inthe LUT appro a ch･
In the LUで m ethod, aer osol opticalpar a m eters are derived ina height
-r e s olv ed w ay thr oughfitting the obseryed
slgrLalsto the c alc ulatedSignals basedo nthe L U TI Betterre s ults are expected ifthe LUTi5Preparedforpara m eterr at)BeS as
wi de aspossible･ Becaus e ofthelimitin the c o mptltatio ntim e, ho w e v er, o u r c alc ulatio nis perfo rm ed for1Itypes of A SI)
(varyhgbetw ee n tuban and m aritim e rn ode])arid3000valu es oftheim agin ary part of the re&activeinde x(m
''
= 0･0 - 0･03).
Thus, go od kno wledge abo utthe pla usible ra ngesirl Which aeros o一pr operties m ay cha ngeis prerequisite forthe efr･ective
imple m entatio n ofthe m ethod,
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